Introduction
Forensic entomology, defined as the use of insects and other arthropods in criminal and other legal investigations, has been growing in importance during the last decades. Since the basic work of Mé gnin [1] numerous articles have been published on forensic entomology, and books like those of Leclercq [2] , Smith [3] , Catts and Haskell [4] , Erzinçlioglu [5] , Byrd and Castner [6, 7] , Greenberg and Kunich [8] , Wyss and Cherix [9] and Gennard [10] and Amendt et al [11] have appeared within the last 30 years.
The foundation necessary for a reliable application of forensic entomology was mostly laid down during the first half of the 20th century by taxonomists interested in those insect species of forensic importance. These belong in particular to two principal dipteran families: the Calliphoridae (blowflies) and the Sarcophagidae (flesh flies). Many blowflies of the genera Calliphora, Chrysomya, Cynomya, Lucilia, Phormia and Protophormia lay their eggs on dead bodies of various animals, especially vertebrates, including humans. Because calliphorid flies have been recorded as arriving at dead bodies within minutes of their exposure, they provide very reliable information relating to the estimation of the post-mortem interval (PMI).
About 52 species of blowflies have been recorded in Switzerland [12] , but only a dozen are true necrophagous species that may be breeding in corpses [9] . Thanks to the work of Rognes [13, 14] , these species can be precisely identified in Europe.
While we can often use calliphorid flies for accurate estimates of PMI, the situation is very different with the sarcophagid flies. Most flesh flies are very difficult to identify in almost all life stages, and especially in the larval stages found on carrion. This has led to some curious results in articles dealing with forensic entomology. Some recent studies, like the ones by Archer and Elgar [15] , Cainé et al. [16] and Charabidze et al. [17] , indicate only Sarcophagidae or Sarcophaga sp., but no species identifications are made. Others provide identifications that are highly unlikely, like Vanin et al. [18] reporting Sarcophaga protuberans bred from a human cadaver (subsequent identification of vouchers revealed these to be Sarcophaga argyrostoma; D. Whitmore, personal communication). Following Pape [19, 20] , most necrophagous species fall within the subfamily Sarcophaginae, although a few species of Miltogramminae show [21] . However, there is a cruel deficiency of information not only about species identification, but also about the biology and behaviour of flesh flies. Moreover, we can often think of misidentification of species, which are clearly not necrophagous. For example, Orfila [22] listed 30 species of insects and other arthropods that visited corpses to feed and oviposit; From 1993 to 2008, criminal investigations were conducted in the western part of Switzerland with special attention to blowfly and flesh fly species in order to estimate the post-mortem interval when requested by the police authorities. Flesh flies were found in only 33 cases out of 160. Five species of the genus Sarcophaga were identified (S. africa, S. argyrostoma, S. caerulescens, S. similis and S. sp.). The main species found on corpses (larval stage) was S. argyrostoma. The thermal constant (K) calculated for this species in Switzerland is 380.6 AE 16.3 (mean AE S.D.) degree-days. With the exception of S. caerulescens, found three times in the larval stage on corpses, the three other species are of minor forensic importance. S. argyrostoma is found during summer and indoors. This species colonises dead bodies, usually the same day as blowfly species, and it could be used to estimate the post-mortem interval. Other species are discussed in the light of current knowledge on their biology and ecology. It is recommended that voucher material be deposited in a museum, allowing further studies by relevant specialists, thereby helping investigators and avoiding misidentifications.
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among them, we find Sarcophaga carnaria (Linnaeus). Some years later, Bergeret [23] established the probable time of death of an infant found in a bricked-up fireplace based on the presence of the flesh fly S. carnaria (most likely misidentified) and a moth. He wrongly assumed that both species were univoltine. Bergeret's reasoning was based on an incorrect assumption concerning the life cycles of both species and his estimation of the PMI was much too long. For Mé gnin [1] , only one species of Sarcophagidae was recognised: Sarcophaga carnaria. This species was also cited by Smith [3] , who discussed the fact that some authors claim that this species feeds exclusively on earthworms. Available evidence would seem to indicate that species of Sarcophaga (sensu stricto) are predators on earthworms [24] [25] [26] [27] , although adults are attracted to both faeces and decaying meat [28, 29] . It is therefore questionable to find larvae of S. carnaria in a case in Italy [30] , in particular as larvae of Sarcophaga (sensu lato) cannot be identified by conventional means and no adults were stated to have been bred. Povolný and Verves [31] and to show and discuss the limits of using them in estimations of the PMI.
Materials and methods
During 1993-2007, in the canton de Vaud (southwestern part of Switzerland) and the surrounding area, 160 criminal investigations involving entomological expertise were conducted [9] . Immature stages of Sarcophagidae collected on corpses were reared in the laboratory under controlled conditions to the adult stage. Adult specimens, either from rearing in the laboratory or collected at the crime scene, were preserved by conventional killing and pinning, labelled and then deposited in the entomological collection of the Museum of Zoology in Lausanne. Specimens were identified based on their terminalia and relying on a combination of the keys by Pape [19] and Povolný and Verves [31] and the reference collection at the Zoological Museum, University of Copenhagen. Other species of flies (mainly blowflies) collected with the flesh flies were identified by us with the works of Rognes [13, 14] and likewise deposited in the Museum of Zoology in Lausanne.
Collecting living material at the crime scene is made by handpicking of the larval stages into containers with some humidity or with an insect net for catching flying insects. When back in the laboratory, eggs and larvae are transferred into bigger containers with 1-2 cm of hamster litter and a piece of meat (liver) covered with humidified filter paper. Pupae are put in the same kind of container but without meat. These containers are placed individually in a bigger one with sand in order to prevent any of the maggots from escaping. The containers are stored in the dark in a controlled environment cabinet until the adult flies hatch (see Ref. [10] for a detailed description).
Results
Flesh flies were found at crime scenes in only 33 cases (20%) out of 160 criminal investigations involving dead human bodies, while blowflies were present in more than 89% of the cases. Five species of Sarcophagidae were identified (see Table 1 ). Among them, one female specimen could not be identified. Only adult specimens of S. africa were collected.
Among these five species, S. argyrostoma can be considered as relatively frequent (27 cases) on corpses (i.e., dead human bodies), while the remaining four species are rarely collected (from 1 up to 3 times) on corpses. Moreover, most of the Sarcophagidae have been found indoors (28 cases against five). When pooling all the (Table 2) , it is seen that about 60% of the cases involving sarcophagid flies are found in July and August, but flesh fly infestations can be encountered from May to September (Fig. 1) . Sarcophaga argyrostoma is the main species found on dead bodies in Switzerland, mostly in larger cities such as Lausanne and its suburbs (74%), otherwise in smaller cities such as Yverdon (north of Lausanne, 11%) and towns in the Rhone Valley (15%). More than 90% of the cases involving this species were with corpses located inside buildings (in apartments), sometimes several floors high. Living adults as well as living larvae were discovered in 70% of the cases. S. argyrostoma was found in association with the following Calliphoridae: Ca. vicina, Ca. vomitoria, Ch. albiceps, Cy. mortuorum, L. ampullacea, L. caesar, L. illustris, L. sericata, Ph. regina and Pr. terranovae. Adults of S. argyrostoma are present in summer, with highest abundance in July and August. The earliest case in the year (February) was in an apartment with one dead body several months old, and the fly infestations probably occurred during autumn. Dead adults of Ca. vicina, L. sericata, S. argyrostoma, Hydrotaea ignava and Muscina pabulorum were recovered. Empty pupariae of Ca. vicina and S. argyrostoma with small holes, probably parasitised by the pteromalid wasp Nasonia vitripennis, were also discovered. The only living insects found were numerous black larder beetles (Dermestes haemorrhoidalis).
Among the 19 cases with S. argyrostoma (Table 1) where larvae were found on corpses and reared under laboratory conditions, we could select 13 cases suitable for evaluation of the PMI (Table 2) . We used a minimum development threshold (tL) of 7.4 8C as found by Grassberger and Reiter [32] , and we obtained an overall thermal constant of 380.6 AE 16.3 (mean AE S.D.) degree-days. Four cases present some interesting questions. In case 22, the first fly to emerge was Ch. albiceps, but we obtained Ca. vicina 3 days later (20th August) and L. sericata together with S. argyrostoma additionally 1 day later (21st August). This is interpreted as a delayed larviposition of flesh flies on the body (4 days later than the first blowfly). In case 69, S. argyrostoma larviposited about 9 days later than the first blowfly (Ca. vicina), and the most likely explanation is that adult flesh flies were not present during the first days or could not reach the corpse immediately (see also Reibe and Maeda, [33] ). Other evidence from the investigation showed that the person could have died even a week before the egg laying of Ca. vicina (indicated by the mail still in the mailbox), but no clear conclusion could be made. Case 109 is developed subsequently. Finally, case 139 is quite different because this time S. argyrostoma was the first to emerge, about 10 days before L. sericata. The police was called to an apartment, and when they forced their way through the door, they found a nearly mummified body of a man lying on his bed with a rifle. All windows were closed and blinds in the room were down. According to the state of decomposition of the body, it was reasonable to conclude that S. argyrostoma was the first to colonise the body, shortly after the man committed suicide. Two cases are developed next as they are representative of situations involving S. argyrostoma.
Case 109 (S. argyrostoma)
On the 16th of July, lodgers of a multi-storey building, located in a suburban area close to the city of Lausanne (altitude 420 m), called the police because of a foul smell coming from a third floor apartment. A naked corpse of a young male was discovered lying on the floor in the bathroom. Utensils from a person addicted to drugs were also discovered (syringes). The temperature in the room was 22 8C. Adults of the following dipteran species were captured: L. caesar and Hydrotaea ignava as well as adult beetles of Creophilus maxillosus and Thanatophilus rigosus. Larvae of Diptera were found and collected under the corpse near the head. Other larvae were also collected at the Institute of Legal Medicine (University of Lausanne) the next day when the body was brought in for autopsy.
Larvae were reared in the laboratory and adults of Ca. vicina did not emerge until the 1st of August (17 days after the discovery of the body) and those of S. argyrostoma as late as the 9th of August (25 days after discovery). Using a thermal constant (K) for Ca. vicina of 388 degree-days [9, 34, 35 ] the flies laid their first eggs on the 12th of July (K = 391.4). If we use data from Grassberger and Reiter [32] the thermal constant for S. argyrostoma is 396.4 AE 19.18 (mean AE SD) degree-days with a minimum development threshold (tL) of 7.4 8C. However, we obtained a thermal constant of 413.5 degree-days if the flies laid their larvae on the 12th of July, the same day as Ca. vicina. This is clearly too early. If we make the calculation based on larviposition 1 day later, the 13th of July, the thermal constant would be 399.2 degree-days, still a little bit too high according to our mean thermal constant. By subtracting another day, i.e., if S. argyrostoma larviposited on the 14th of July, 2 days after Ca. vicina, a K value of 386 degree-days is obtained. In all estimations of PMI, we use AE 24 h as confidence interval, which in this case means that larviposition would have occurred between the 13th and the 15th of July.
Case 126 (S. argyrostoma)
On the 7th of August, a naked body of a young female was recovered in an apartment located in a building in the city of Yverdon (north of Lausanne). The body was lying face down on the floor. Part of the body was blackened. The death was probably due to suicide, as indicated by the presence of a razor blade close to the body, blood traces in the nearby sink and wounds on the arms. The local temperature on the day of the discovery was 28 8C. There were only larvae on the body. Samples of larvae were collected and reared in the laboratory under controlled conditions. On the 17th of August, the first adults to emerge belonged to L. sericata (K = 207 degree-days with tL 9 8C). Ten days later (27th of August) adults of S. argyrostoma emerged. If the thermal constant is calculated following Grassberger and Reiter [32] with a minimum development threshold of 7.4 8C, we reach 396.4 degree-days, indicating that the larvae were laid on the 3rd of August like the eggs of L. sericata, 5 days before the discovery of the body. However, using our thermal constant of 380.6 in the calculation, larviposition would have been 1 day later, 4 days before the discovery of the body. In this case, S. argyrostoma was giving about the same result as L. sericata. Sarcophaga caerulescens was found in three cases and only in the larval stage: one case in an apartment and two cases in a more natural environment (clearing in a forest and at the edge of a forest). This species was associated with Ca. vomitoria, L. caesar and L. illustris. The entire development to the adult stage requires between 508 and 610 degree-days (between 25 and 29 days in the Swiss summer; C. Wyss, unpublished). In one case, larvae were deposited on the day of death, within an hour before the arrival of the police. This case involved a man who committed suicide in the morning, and a witness called the police immediately. It is difficult to assess the affinity of this species to corpses found indoors, but as two cases out of three were outdoors, we can predict a different behaviour compared to S. argyrostoma.
We have only three cases to analyse and to discuss (see Table 3 ) but one of them (case 77) is very interesting and furthermore presents a good evaluation of the development of this species. We assume that the minimum development threshold for the species is 7.4 8C.
Case 77 (S. caerulescens)
The corpse of a man was discovered on the 13th of September in a clearing in the middle of a chestnut grove near a town in the Rhone Valley (60 km east of Lausanne). Eggs and larvae were collected at the Institute of Legal Medicine (University of Lausanne) the next day when the corpse was brought in for identification and autopsy. The entomological material was reared in the laboratory under controlled conditions. L. caesar adults appeared on the 1st of October and S. caerulescens on the 6th of October. Using a thermal constant of 207 for L. caesar, the first flies laid their eggs on the body on the 13th of September. Assuming that the first S. caerulescens larviposited on the same day as L. caesar, we obtain a thermal constant of 312.3 degree-days. The man was reported missing the on 12th of September and committed suicide the same day or during the following night. Our estimation of the thermal constant based on these results is close to the thermal constant obtained from the two other cases (respectively 335.7 and 323 degree-days, mean 323.7 AE 9.6 (SD) degree-days). With only three cases, it is difficult to assess with certainty that we are correct, but we are probably within reasonable limits. In other cases, it may be more difficult to evaluate the time of arrival of this species, as in the following one.
Case 107 (S. caerulescens)
On the 8th July 2002, a corpse of a suicide victim was discovered hanging from a tree branch at the edge of a forest. His legs and knees were in contact with the ground. The altitude of the crime scene was 660 m a.s.l. and the temperature at the time of discovery was 20.3 8C. During our investigation at the crime scene, we collected several insects of forensic importance, in particular the blowflies Ca. vomitoria, L. caesar and L. illustris, and also several other Diptera: Hydrotaea dentipes, H. leucostoma, H. irritans, Muscina prolapsa, M. assimilis, M. stabulans, Piophila sp., Sepsis sp. and Megaselia rufipes. Beetles such as Necrophorus vespilloides, N. investigator, Thanatophilus rugosus and Oeceoptoma thoracica were also collected. This insect material was found either on the body or within the immediate surroundings. Numerous batches of eggs and larvae were present on the corpse and within the clothes. No pupae were found even after an intensive local search. Eggs and larvae were rapidly brought back to the laboratory to be reared. Their development was checked every day, and on 19th July, L. caesar was first to emerge, followed 11 days later (30th of July) by S. caerulescens (identification confirmed through the presence of males). No adults of the latter species were collected at the crime scene. Meteorological data related to the crime scene were obtained from a nearby weather station and used to determine the daily mean temperature at the crime scene before the corpse was found. According to our development tables with regard to L. caesar (minimum development threshold 9 8C; thermal constant 207 day-degrees) we obtained 204.7 day-degrees and we would ascertain that the flies were first present on 2nd July (AE24 h) when they started to lay eggs. Other evidence from the investigation later showed that this person disappeared on the afternoon of July 1st.
If larvae of S. caerulescens were deposited on the 2nd of July, total development would encompass 29 days. This means about 611.3 degree-days. Admitting a minimum development threshold of 7.4 8C [32] we obtain a hypothetical thermal constant of 403.1 degree-days (upper limit). However, if the flies larviposited just before the discovery of the body, the entire development had lasted only 23 days, and a hypothetical thermal constant of 335.7 degree-days (lower limit) would be obtained. It is possible that S. caerulescens does not always arrive shortly after death has occurred.
Sarcophaga africa was found only once, as an adult in an apartment with a 7-day-old dead body. S. argyrostoma adults were also found on that occasion, as well as L. sericata and Ph. regina, both in the larval stage.
One adult female (Sarcophaga sp.) was collected in a city along the Lé man Lake (see below). A man just committed suicide, and one of us (CW) was there just within an hour after death. Numerous eggs were collected on the body, but no sarcophagid flies came out of the laboratory rearing. The other species involved were Ca. vicina, L. illustris and L. caesar.
Specific information: female adult specimen of Sarcophaga sp (case 85) was collected on the 13th of August 2000, at Blonay Avenue, city of Vevey (postal code 1800), in a small square. A man committed suicide at about 10:30 am. Weather was fine with an air temperature of 22.3 8C.
Sarcophaga similis was found only once, in an apartment on a 9-day-old corpse (as shown by other evidence). It was associated with adults of Ca. vicina, Ch. albiceps, L. caesar, L. sericata and larvae of S. argyrostoma. In this case, the first species to emerge from our rearing in the laboratory was Ch. albiceps, all other species came 5 days later. This could be explained by the predation of larvae of Ch. albiceps on other species [36] or a delayed arrival of these other species.
Discussion
The flesh flies found during our investigations in Switzerland comprised five species, three of which can be considered of minor forensic importance. The reason is simple. First, we never found larvae of S. africa and S. sp. on dead bodies, only adults were collected. Second, S. similis was found only once with adults and larvae together with S. argyrostoma. Concerning the development of S. africa, Al-Misned [37] calculated the thermal constant to be 289.1 AE 24.4 degree-days with a lower developmental threshold of 11.0 8C. This is a characteristic of summer species, such as Lucilia spp.
Data concerning S. africa adults were obtained from pork meat baits in outdoor and indoor conditions in the city of Parma (Italy). This species is the dominating species larvipositing in late May [39] . According to Pé rez-Moreno et al. [38] , S. africa, besides provoking myiasis, can feed on decomposing matter, faeces and dead snails. However, Bä nziger and Pape [40] showed that when given a choice of faeces or carrion, S. africa larviposits exclusively on faeces (coprobiodotic) and not on carrion.
The distribution of this species is primarily and probably originally Afrotropical, but it is currently practically cosmopolitan, although often restricted to anthropogenic habitats outside of the Afrotropics [41] .
S. similis is widely distributed in the Palaearctic and Oriental regions. It is possible to rear this species from decaying beef [42] ; it has been recorded as breeding in carcasses, garbage and faeces [43] as well as in moribund caterpillars [44] , and it has been involved in several cases of otomyiasis in the eastern part of its distribution [45] [46] [47] [48] . Recently, Tanaka et al. [49] showed that photoperiod is a major factor in the induction of pupal diapause in this species. During a 1-year survey in a vegetable garden in the city of Osaka [50] , S. similis was captured from spring to autumn, but not in winter due to pupal diapause. This species is found in mesophytic forest habitats feeding at flowers and decaying substrates [31] . In our case, this species was found indoors. Curiously, both this species and S. africa were found in mixed infestations with S. argyrostoma.
We can qualify the two other species (S. argyrostoma and S. caerulescens) as being of forensic importance in our country. Moreover, only S. argyrostoma and S. caerulescens have been found more than once.
All the species collected were found during summer (with one exception in February, but only with dead flies). This is also expressed by the rather high minimum development threshold found for S. argyrostoma (7.4 8C) by Grassberger and Reiter [32] and for S. africa (11.0 8C) by Al-Misned [37] . We can compare this threshold temperature with those of Pr. terranovae (7.8 8C), L. sericata (9 8C) and Ch. albiceps (10.2 8C) [34, 35] , which are species likewise found during summer in Switzerland. The thermal constant of S. argyrostoma, as calculated using the 13 present cases with a PMI estimate, was very close to the one found by Grassberger and Reiter [32] with laboratory rearing of larvae. The difference between the means (396.4-380.6 = 15.8 degree-days) is about 1 day difference. This could be due to the difference between laboratory conditions and 'field' conditions, as already observed with Ca. vicina (D. Cherix, unpublished), where competition between the different species is present. Considering the fact that small ecological differences can exist between Austrian and Swiss populations, the thermal constant estimated for S. argyrostoma (K = 380.6 AE 16.3 degree-days) is probably accurate for Switzerland. In addition, in several cases we had by chance other species (blowflies) to help in evaluating the time when the first flies deposited their eggs on a corpse. When considering the 13 cases with PMI estimates, on nine occasions S. argyrostoma larviposited the first day or the same day as other blowfly species, three times it was a later arrival and only in one case was it an earlier arrival. According to Byrd and Castner [6] , flies of the genus Sarcophaga arrive on human remains concurrently or slightly after the blowflies. They are known to fly under inclement conditions that would prevent the flight of most other flies. This could have been the explanation for case 139, but according to our meteorological data, the weather was fine.
We can therefore propose to use S. argyrostoma, in addition to other species, for the estimation of PMI. In our general analysis [9] , considering the relation between species composition and environmental factors following Dolé dec and Chessel [51, 52] , we could describe five groups of species in relation to the registered environmental factors (indoors vs. outdoors, altitude, season and urbanisation). S. argyrostoma was found in 21 cases characterised by L. sericata, L. illustris, Ch. albiceps and Pr. terranovae. L. sericata was the most frequent species (76%) followed by Pr. terranovae (71%). Most of these cases were found indoors, at low altitude (81%) in summer (71%) and in urban areas (86%). This is probably the best quantifiable data set for S. argyrostoma. Interestingly, Benecke [53] mentioned that in Cologne, Germany, S. argyrostoma ''has never been seen on corpses inside flats,'' which led him to consider S. argyrostoma as ''a highly indicative species which tells if a corpse found in a more or less closed environment [. . .] was (temporarily) lying outside a flat.'' The Swiss cases would seem to indicate the opposite, namely that S. argyrostoma has a high propensity for colonising corpses found indoors. In Poland, the only forensic case involving S. argyrostoma is related to a corpse found indoors [54] . In any case, S. argyrostoma is clearly increasingly anthropophilic at higher latitudes, benefitting from the milder urban climate [19, 55] .
The behaviour of males was observed during experiments conducted with pigs [9] . Males are waiting for females close to the dead pig and they indiscriminately try to mate with each fly in the area (Calliphoridae, Muscidae as well as non-conspecific Sarcophagidae). However, females were never observed depositing larvae on the pig (C. Wyss, unpublished).
Concerning S. caerulescens, we assumed, with little evidence, the same minimum development threshold of 7.4 8C as found for S. argyrostoma, and a thermal constant of about 323.7 degree-days. However, this needs to be further tested with laboratory rearing of several populations of this species. This species differs from S. argyrostoma by showing a preference for outdoor situations. However, this has to be confirmed by more data about its ecology and behaviour, and it should be mentioned that a recent case from Finland involved S. caerulescens breeding in a corpse found indoors [56] . Even if we were able to calculate one PMI with reasonable accuracy, we will not recommend the use of this species until more specific information has been collected.
Finally, we strongly urge all investigators, pathologists as well as people otherwise involved in these investigations to preserve adult specimens and deposit this material (mounted and correctly labelled) in natural history museums, allowing future specialists to identify specimens and help investigators in their work.
